Background. A unique genomic difference between human and civet severe acute respiratory syndrome coronaviruses (SARS-CoVs) is that the former has a deletion of 29 nucleotides from open reading frame (orf) 8a that results in the generation of orf8a and orf8b. The objectives of the present study were to analyze antibody reactivity to ORF8a in patients with SARS and to elucidate the function of ORF8a.
The severe acute respiratory syndrome coronavirus (SARS-CoV) has been identified as the causal agent of SARS [1] [2] [3] . The 29.7-kb RNA genome of SARS-CoV contains open reading frames (ORFs) for 5 structural proteins-replicase, spike, envelope, membrane, and functions in human SARS-CoV and its pathogenesis in cells that enabled SARS-CoV containing orf8a to become the predominant strain in the 2003 pandemic.
In the present study, we used Western-blot (WB) assays with a recombinant glutathione S-transferase (GST)-ORF8a fusion protein to demonstrate that 2 patients with SARS had antiORF8a antibody reactivity. Subsequently, we used 2 stable clones expressing ORF8a and cells transfected with small interfering RNA (siRNA) to demonstrate that ORF8a enhances viral replication and the cytopathic effect (CPE). Finally, we showed that ORF8a was localized in mitochondria, where it could perturb the mitochondrial membrane potential and induce apoptosis via a caspase 3-dependent pathway.
PATIENTS, MATERIALS, AND METHODS
Patients. Serum samples from 37 patients infected with SARS-CoV were collected from Taipei Veterans General Hospital and Taipei Ho-Ping Hospital. Infection in all patients had been confirmed serologically using a WB assay with recombinant spike and nucleocapsid proteins [9] . In addition, serum samples collected from 31 healthy subjects were used as normal controls.
Construction of plasmids. Total RNA was extracted from SARS-CoV-infected cells using Trizol (Invitrogen). A cDNA fragment of orf8a containing EcoRI and XhoI restriction enzyme sites at the 5 and 3 ends, respectively, was generated by use of reverse-transcription polymerase chain reaction (RT-PCR). The RT-PCR product was digested by EcoRI and XhoI and inserted between the EcoRI and XhoI sites of a pcDNA3 vector containing a hemagglutinin (HA) tag sequence and pGEX-5X-1 containing a GST gene to generate pHA-ORF8a and pGEXORF8a plasmids. The plasmid called "pORF8a-EGFP" (expressing green fluorescent protein [GFP]-tagged ORF8a) was constructed by inserting the cDNA of orf8a that contained SalI and HindIII flanking sequences at the 5 and 3 ends into the upstream region of the EGFP gene in pEGFP-1 vector. All plasmids were confirmed by DNA sequencing using an ABI PRISM 3700 DNA Analyzer (Applied Biosystems).
Generation of rabbit anti-ORF8a antiserum and WB assay. A synthetic peptide (SP) containing amino acid residues 25-37 of ORF8a was generated using the solid-phase method (Kelowna). The SP was coupled with keyhole limpet hemocyanin in accordance with procedures published elsewhere [10] and was used to immunize rabbits. ORF8a recombinant protein (RP) expressed in Escherichia coli (BL21) as a GST fusion protein was purified by glutathione-sepharose affinity chromatography in accordance with the manufacturer's recommendation. The GST-ORF8a RP (0.5 mg for each strip) was used to evaluate the antibody reactivity of serum from SARS-CoV-infected patients. In addition to patients' serum, an anti-GST monoclonal antibody (MAb; Santa Cruz Biotechnology), rabbit preimmunized serum, and rabbit anti-ORF8a-SP antiserum (R26) were also used to examine recombinant GST-ORF8a protein.
Patients' serum samples were diluted at 1:100 and incubated with WB strips for 1 h at 37ЊC. Details of the WB have been described elsewhere [11] .
Cell lines and stable clones expressing ORF8a. Three cell lines-VeroE6, HEK 293T, and HuH-7-were used in this study [12] [13] [14] . They were cultured in Dulbecco's modified Eagle medium (DMEM; GIBCO) with 10% fetal calf serum (HyClone), penicillin, streptomycin, and l-glutamine. For transfection experiments, either VeroE6 or HEK 293T cells were seeded in plates and cultured overnight at 37ЊC with 5% CO 2 . HuH-7 cells were transfected with pHA-ORF8a plasmid DNA using lipofectamine 2000 (Invitrogen) in DMEM that contained 600 mg/mL G418 (Sigma). Two clones, designated 18 and 24, were obtained and confirmed by both RT-PCR and WB. A negative control clone-ORF8a-neg, which was obtained through transfection of HuH-7 cells with pcDNA-HA plasmid DNA-was also used as a control.
Immunofluorescent antibody assay (IFA). For IFA, either VeroE6 or HEK 293T cells were seeded on cover slides and transfected with 0.5 mg of either pHA-ORF8a or pORF8a-EGFP plasmid. A commercial IFA test (Euroimmun) with SARSCoV-infected VeroE6 cells was also used in this study. All slides were incubated with patient serum (at 1:200 dilution) or rabbit R26 antiserum (1:500 dilution) for 1 h at 37ЊC. Detailed procedures have been published elsewhere [15] .
Ex vivo infection of SARS-CoV HKU39849 strain. HKU39849 strain [16] was used to infect VeroE6 cells for 5 days, and the cultural supernatant was harvested. The TCID 50 was determined using the method of Reed and Muench (described in [17] ). To evaluate the effect of ORF8a on viral replication, stable clones 18 and 24 were seeded in a 6-well plate and infected with 100 TCID 50 of HKU39849 virus. The CPEs were recorded, and viral titers from supernatant were determined at various time intervals. To determine the effect of siRNA of orf8a on viral replication, VeroE6 cells that had been transfected with siRNA for 36 h were infected with 100 TCID 50 of HKU39849. The CPEs were recorded, and the cultural supernatant was harvested for viral load (VL) tests at various time points.
Preparation of siRNA against orf8a. The 21-nt dsRNA was chemically synthesized as 2 bis(acetoxyethoxy)-methyl etherprotected oligonucleotides (Dharmacon) and stored in 0.1% diethylpyrocarbonate-treated water at Ϫ80ЊC. Sequences of siRNA were subjected to a BLAST search of the expressed sequence tag library of the National Center for Biotechnology Information (available at: http://www.ncbi.nlm.nih.gov/BLAST/), to ensure that no endogenous genes of the genome were targeted. The sequences of 2 sets of siRNA were set 1 ds, 5 -CCUCAUGUGCUUGAAGAUCdTdT-3 , and set 2 ds, 5 -GAU- CCUUGUAAGGUACAACdTdT-3 (sense). The sequence of a control siRNA against GFP was 5 -AAGCAGCACGACUUCUUCAAGdTdT-3 .
Viral RNA extraction and real-time PCR for the measurement of VLs. One hundred forty microliters of the cultural supernatant was used to extract viral RNA using a QIAamp Viral RNA mini kit (Qiagen). Real-time RT-PCR (Applied Biosystems) with primers for replicase Ib or nucleocapsid mRNAs was used to measure the VLs. The primers and probes used have been reported elsewhere [18] . After infection, the cultural supernatants were collected at various time points for 5 days. The no. of copies of nucleocapsid mRNA was determined using real-time PCR. Plus symbols (+) refer to the percentage of cells showing a CPE in cell cultures: +, !25%; ++, 25%-50%; +++, 50%-75%; ++++, 175%. C, CPEs of SARS-CoV HKU39849 in 3 stable clones for 5 days after the viral infection.
Determination of mitochondrial membrane potential (DW m
raethylbenz-imidazolylcarbocyanine iodide (JC-1; Molecular Probes) was used to measure DW m in accordance with procedures described elsewhere [19] . The cells ( cells/mL) 6 1 ϫ 10 were incubated with 5 mg/mL JC-1 for 20 min at 37ЊC in the dark and were washed with PBS before they were analyzed using flow cytometry (FACS; Becton Dickinson).
Measurement of the reactive oxygen species (ROS), oxygen consumption, and caspase 3 activity. Production of hydrogen peroxide from cultured cells was measured using 2 ,7 -dichlorofluorescin diacetate (DCFH-DA; Molecular Probes). Cells were incubated with 5 mmol/L DCFH-DA for 60 min at 37ЊC, washed with PBS twice, trypsinized, and resuspended in 0.5 mL of PBS before they were subjected to FACS analysis. Oxygen uptake was measured polarographically with a Clark-type oxygen electrode (model 110; Instech). The respiration rates were calculated with respect to calibration of the oxygen electrode with air-saturated medium that contained 155 mmol/L O 2 at 37ЊC. Caspase 3 activity was measured using a method modified from that of DiPietrantonio et al. [20] . In brief, 50-mg cell lysates were added to 148 mL of reaction buffer (100 mmol/L HEPES [pH 7.5], 20% glycerol, 0.5 mmol/L EDTA, and 5 mmol/L dithiothreitol); then, 2 mL of the caspase 3 colorimetric substrate DEVD-pNA was added to the mixture and incubated for 4 h at 37ЊC. Fluorescence was recorded using an MRX model ELISA reader (Dynatech Laboratories) at 405 nm wavelength.
Quantification of apoptotic cells. An annexin V-fluorescein isothiocyanate (FITC) kit (BD Biosciences) was used to quantify apoptotic cells in accordance with procedures described elsewhere [21] . In brief, cells were suspended in buffer (10 mmol/L HEPES/NaOH [pH 7.4], 140 mmol/L NaCl, and Figure 3 . The effect of orf8a small interfering RNA (siRNA) on viral replication and cytopathic effects of severe acute respiratory syndrome coronavirus (SARS-CoV) HKU39849. A, Verification of the effects of 2 sets of orf8a siRNAs. Top, Results of reverse-transcription polymerase chain reaction (RT-PCR) of orf8a mRNA using total RNA extracted from VeroE6 cells cotransfected with pHA-ORF8a and different siRNAs. Lane 1, pcDNA3-HA; lanes 2-9, pHA-ORF8a. The siRNAs used in different assays were as follows: lanes 2 and 3, siRNA-GFP; lanes 4-6, orf8a siRNA set 1; and lanes 7-9, orf8a siRNA set 2. The cells were harvested at different time points after transfection (18 h for lanes 2, 4, and 7; 36 h for lanes 5 and 8; and 56 h for lanes 1, 3, 6, and 9). The relative intensity (ratio) of the orf8a, compared with b-actin, in the top panel was calculated and normalized using the ratio of lane 3 (56 h of siRNA-GFP) as the 100% value. B, Measurements of the viral loads in the cultural supernatants from VeroE6 cells that had been transfected with orf8a siRNA for 36 h before they were inoculated with SARS-CoV HKU39849. After infection, the cultural supernatants were collected at various time points for 5 days. Nos. of replicase open reading frame (ORF)-1b mRNA copies were determined using real-time PCR. Error bars indicate SDs. * (Student's t test). Plus symbols (+) refer to percentage of cells showing CPE in cell cultures: +, !25%; ++, 25%-50%; P ! .05 +++, 50%-75%; and ++++, 175%. C, Cytopathic effects of SARS-CoV HKU39849 in VeroE6 cells infected 120 h after transfection with different siRNAs for 36 h.
2.5 mmol/L CaCl 2 ) that contained 50 mg/mL propidium iodide and 1:20 (vol/vol) annexin V-FITC labeling solution and were incubated on ice for 15 min before they were mixed with 400 mL of binding buffer. Fluorescence was analyzed using FACS.
Statistical methods. Means and SDs are shown in the figures. Means among experimental cell lines and HuH-7 cell line were compared using the generalized linear model. All statistical procedures were performed using SAS software (version 9.1; SAS Institute), and statistical significance was set at . P ! .05
RESULTS
Induction and purification of ORF8a RP. To induce the GSTORF8a fusion protein, a colony of E. coli BL21 cells containing pGEX-ORF8a was grown at 37ЊC in Luria-Bertani broth that contained 100 mg/mL ampicillin and was treated with isopropyl-b-d-thiogalactopyranoside (IPTG). As shown in figure 1A , a protein ∼30 kDa in size was found in the bacterial lysates induced by IPTG (lane 2) but was not found in the lysates without IPTG induction (lane 1). The ORF8a RP was further identified using an WB assay with rabbit antiserum (R26) against a synthetic peptide containing partial amino acid sequence of ORF8a ( figure 1B, lane 2) and an anti-GST MAb ( figure 1B, lane 3) .
Antibody reactivity to ORF8a in SARS-CoV-infected patients. Purified GST-ORF8a RP was used as an antigen in a WB assay to detect anti-ORF8a antibody reactivity in patients infected with SARS-CoV. Two (5.4%; patients HP631 and C596) of 37 patients with SARS-CoV infection had anti-ORF8a antibody reactivity (figure 1B). None of 31 control subjects had antibody reactivity (data not shown). The antibody reactivity of patients HP631 and C596 was studied using IFA. As shown in figure 1C , anti-HA antibody, R26 rabbit antiserum, and patients HP631 and C596 had positive reactivity in the cytoplasm of VeroE6 cells that had been transfected with pHA-ORF8a ( figure 1C, a, c, e, and f) .
Overexpression of ORF8a-enhanced SARS-CoV replication and SARS-CoV-mediated CPE formation. Two stable cell clones (designated clones 18 and 24) expressing different levels of ORF8a were generated to study ORF8a function. As shown in figure 2A , orf8a expression in clone 24 was ∼5 times greater than that expressed in clone 18 (lanes 2 and 3). After infection with SARS-CoV HKU39849, VLs and CPEs were monitored in both clones for 5 days. The results showed that, 24 h after infection, the VLs in both stable clones were significantly higher than those in controls ( ; 1-way analysis of variance) P ! .05 (figure 2B). At 48 h after infection, clone 24 showed significantly higher VLs than clone 18; this continued for at least 3 days ( ) ( figure 2B ). Five days after infection with SARS-P ! .05 CoV HKU39849, supernatant VLs in clones 18 and 24 were 60-and 13,400-fold higher, respectively, than those in controls.
The first appearance of CPE formation in clone 24 occurred 72 h after infection, but no CPE activity was noted in either clone 18 or the control ( figure 2B, bottom) . Five days after infection, CPE formation was noted in the control, and CPE in clones 18 and 24 were measured as 3+ and 4+, respectively ( figure 2C, d, e, and f) .
siRNA inhibition of SARS-CoV replication and CPE formation by orf8a. The effects of siRNA on orf8a mRNA expression were evaluated using VeroE6 cells cotransfected with pHA-ORF8a plasmid DNA and siRNAs targeted at orf8a. The results shown in figure 3A indicate RT-PCR detection of orf8a mRNA at 18 and 56 h after transfection (lanes 2 and 3) . The suppressive effect of siRNA-orf8a set 1 was observed at 36 h, whereas the effect of siRNA-orf8a set 2 was not observed until 56 h (top and bottom, lanes 4-6 and 7-9) . Compared with the control (siRNA-GFP), 80%-90% of the orf8a mRNA was suppressed by siRNAs in both sets of experiments; therefore, both sets were chosen for analysis. Next, siRNA-transfected VeroE6 cells were infected with SARS-CoV HKU39849, and their supernatant VLs were determined using real-time PCR. VLs were detected in VeroE6 cells transfected with the GFP-specific siRNA control 72 h after infection, but VLs in VeroE6 cells transfected with orf8a siRNA were not detected until 84 h after infection ( figure 3B ). VL differences in the 2 cultures were more significant at 108 and 129 h after infection ( figure 3B) .
The results shown in figure 3B indicate CPEs in the siRNA-GFP control 84 h after infection and in siRNA-orf8a at 108 h after infection. At 129 h, cells transfected with siRNA-orf8a had lower CPEs than cells transfected with siRNA-GFP ( figure 3C,  d vs. b) . ORF8a protein expression in mitochondria. The subcellular localization of SARS-CoV ORF8a was analyzed by expressing an ORF8a-EGFP fusion protein in HEK 293T cells and examining the result using confocal microscopy. As shown in figure 4A , the fusion protein was distributed in the cytoplasm. A punctate pattern of ORF8a protein expression was observed in VeroE6 cells infected with SARS-CoV when IFA was used with anti-ORF8a synthetic peptide antiserum (R26) ( figure 4C ). When we used confocal microscopic examination with a panel of fluorescence-tagged markers for endoplasmic reticulum, Golgi bodies, actin, mitochondria, and nucleus, we found that ORF8a was localized to mitochondria ( figure 4D-4I) .
Effects of ORF8a on mitochondria. Mitochondria are essential for the survival and proliferation of eukaryotic cells. We therefore investigated the effect of ORF8a on DW m . The results of a quantitative assay using JC-1 cationic dye indicated 50% and 140% increases in DW m (red fluorescence) in stable clones 18 and 24, respectively, compared with a basal level in HuH-7 cells (figure 5A).
Mitochondria are primary sources of ROS inside cells. To verify that the effect of ORF8a on membrane potential paralleled alterations in redox state in cells, we examined ROS production using a fluorescent dye (DCFH-DA). Results indicated significantly higher ROS production in clone 18 and 24 cells than in cells from control subjects (figure 5B). Next, we used an oxygen microelectrode to monitor the effect of SARS-ORF8a on cellular oxygen consumption. Cells were cultured in airsaturated medium that contained 155 mmol/L oxygen before oxygen uptake was measured. Compared with HuH-7 cells and vector control clones, oxygen accumulation was repressed in ORF8a-expressing clones-especially clone 24 (figure 5C)-although both clones had significantly higher levels of oxygen consumption than control cells ( ) ( figure 5D ). We noted P ! .05 that this repression could be reversed by the addition of potassium cyanide, a potent mitochondrial respiratory chain inhibitor.
Induction of apoptosis by ORF8a through the induction of caspase 3 activity. Knowing that mitochondrial dysfunction can result in cellular apoptosis, we decided to use both transient transfection and stable clones to study the association between apoptosis and orf8a gene expression. As shown in figure 6A , the percentages of apoptotic cells in HuH-7 cells transfected with 3.75 and 7.5 mg of pHA-ORF8a plasmid DNA were 7.4% and 19.9%, respectively, when annexin V staining and FACS were used, whereas only 2.9% of the cells transfected with vector plasmid DNA underwent apoptosis. In this assay, the HIV-1 Tat protein served as a positive control, and ∼10.7% cells underwent apoptosis after they were transfected with 7.5 mg pf pcDNA3-Tat plasmid DNA ( figure 6A ). In terms of the stable clones, ∼3.0% and ∼4.2% of clones 18 and 24 were apoptotic. Clone 24 cells had significantly higher percentage of apoptotic cells than the control clone ( ) ( figure 6B ). Subsequently, P ! .05 we analyzed caspase 3 activity in the stable clones and found that both clones 18 and 24 had significantly higher activity than the vector control clone ( ) ( figure 6C ). P ! .05
DISCUSSION
In the present study, we induced and purified a GST-ORF8a fusion protein in E. coli for WB analysis. As shown in figure 1A, the size of the GST-ORF8a RP was ∼30 kDa, which is very close to our estimation, given that the predicted sizes of GST and ORF8a were 26 and 4.4 kDa, respectively. Subsequently, we used WB with GST-ORF8a RP to detect anti-ORF8a antibody reactivity in 37 patients with SARS, and we found that 2 of them were seropositive (figure 1B). The anti-ORF8a antibody reactivity was further confirmed by IFA with cells expressing HA-tagged ORF8a (figure 1C, e and f ). To our knowledge, this is the first study demonstrating anti-ORF8a antibody reactivity in patients with SARS. It has been reported that the region immediately upstream of orf8a gene contains a consensus transcription regulating sequence (TRS) [22, 23] . A 2-kb subgenomic RNA has been identified in a Northern-blot analysis as potentially responsible for ORF8a translation [24] . Therefore, orf8a encodes a protein that can induce antibody reactivity in some patients infected with SARS-CoV. In general, viral structural proteins have higher immunogenicity than regulatory proteins [25, 26] . In addition, antibodies to virus regulatory proteins may be detectable at particular disease stages [27, 28] . According to clinical histories, none of the 7 patients in our study who died of SARS had antiORF8a antibody. Both patients with anti-ORF8a antibody (C596 and HP631) recovered from SARS-CoV infection, and neither of them developed acute respiratory distress syndrome (ARDS). Recently, we evaluated, using a WB assay, anti-spike and anti-nucleocapsid antibody reactivity among 108 medical staffpersons who had acquired SARS coronavirus infection in 2003, and we found 8 persons had reactivity to both antibodies. Among them, 1 person who had ARDS did not have antiORF8a antibody, whereas 2 of 7 individuals who did not have ARDS had anti-ORF8a antibody reactivity. It seems that patients with anti-ORF8a antibody reactivity had less-severe symptoms and a better prognosis. More research is needed to determine the association between the presence of anti-ORF8a antibody and the prognosis of SARS-CoV infection.
In this study, we found that ORF8a enhances SARS-CoV HK39849 replication very efficiently (figure 2B). Furthermore, compared with the siRNA-GFP control, siRNA-orf8a inhibited 150% of the replication of SARS-CoV (figure 3B). Previous studies have shown that both cellular and viral proteins can enhance the transcription of CoV via interaction with its leader RNA and TRS [29] [30] [31] . We performed a UV cross-linking assay to examine whether ORF8a has RNA-binding activity. Preliminary results showed that neither positive-strand nor negativestrand leader RNA of SARS-CoV interacted with GST-ORF8a fusion protein directly. It cannot be ruled out that the ORF8a protein interacts with leader RNA indirectly through other cellular proteins or that orf8a RNA other than the ORF8a protein is the basis of these effects. Further studies are needed to determine the mechanism of transactivation of ORF8a.
Results from an IFA and a series of functional assays show that the subcellular localization of ORF8a is in mitochondria. A consensus sequence motif containing a hydrophobic membrane-spanning domain 18-24 aa in length and flanked by positively charged residues for directing proteins to mitochondria has already been defined [32] . This motif exists in many viral proteins that target mitochondria, including the BamHI fragment H rightward ORF1 in Epstein-Barr virus, F1L in vaccinia virus, and vBcl-2 in human herpesvirus type 8 [33] [34] [35] . According to the results of our sequence analysis, there is a hydrophobic membrane-spanning domain at the N-terminal region of ORF8a. This membrane-spanning domain is 19 aa in length and is surrounded by positively charged amino acids (table 1) . Therefore, ORF8a may be located in mitochondria through a mitochondria-targeting signal at its N-terminal region. In this study, we found that nearly 20% of cells underwent apoptosis after they were transfected with ORF8a-expressing plasmid DNA ( figure 6A ). In addition, the annexin V intensity in ORF8a-expressing cells was greater than that of cells transfected with vector plasmid, which indicates that ORF8a induces severe apoptosis. Caspase 3, a potent enzyme in apoptotic signaling, was found to be activated by ORF8a. Further studies are needed to elucidate whether other pathways are also activated by ORF8a.
Many viral genomes encode proteins that can modulate apoptosis in their host cells [36] [37] [38] . It has been suggested that both apoptotic suppression and induction can be beneficial to viral replication, persistence, dissemination, and pathogenesis. Our results indicate that overexpression of ORF8a resulted in the hyperpolarization of mitochondria membrane potential, an increase in ROS production, and cell apoptosis. Mitochondrial hyperpolarization is known to be associated with yeast and lymphoblastoid cells committed to apoptosis [39, 40] . ORF8a therefore regulates the production of free radicals and causes hyperpolarization of membrane potential, which is a sensitive indicator of mitochondrial function, resulting in the occurrence of apoptosis [41, 42] .
Previously, several reports have shown that patients with SARS frequently had lymphocytopenia, thrombocytopenia, hypocalcemia, and abnormal liver function [43] [44] [45] . Furthermore, apoptotic cells have been found in epithelial cells taken from the lungs of patients with SARS [46, 47] . Recently, several studies found that SARS-CoV ORF3a and ORF7a proteins induce apoptosis in VeroE6 cells, but whether ORF3a or ORF7a protein can transactivate viral replication is unclear [48] [49] [50] . Because ORF8a not only enhances viral replication but also induces apoptosis, it plays an important role in the pathogenesis of human SARS-CoV infection.
